Oocyte and preimplantation embryo development entail dynamic changes in chromatin structure and gene expression, which are regulated by a number of maternal and zygotic epigenetic factors. Histone deacetylases (HDACs), which tighten chromatin structure, repress transcription and gene expression by removing acetyl groups from histone or non-histone proteins. HDAC1 and HDAC2 are two highly homologous Class I HDACs and display compensatory or specific roles in different cell types or in response to different stimuli and signaling pathways. We summarize here the current knowledge about the functions of HDAC1 and HDAC2 in regulating histone modifications, transcription, DNA methylation, chromosome segregation, and cell cycle during oocyte and preimplantation embryo development. What emerges from these studies is that although HDAC1 and HDAC2 are highly homologous, HDAC2 is more critical than HDAC1 for oocyte development and reciprocally, HDAC1 is more critical than HDAC2 for preimplantation development. In eukaryotes, DNA is organized into a highly ordered nucleoprotein assembly called chromatin, whose fundamental unit is the nucleosome. The nucleosome consists of 146 bp of DNA wrapped around a histone core comprised of two molecules each of histones H2A, H2B, H3 and H4. Histone H1 is bound to linker DNA between nucleosomes. 1,2 Histones are subject to multiple post-translational modifications (PTMs), including acetylation, methylation, ubiquitylation, phosphorylation, and sumoylation. These PTMs determine open and closed chromatin conformations, which, in turn, regulate the differential access and recruitment of transcription factors and other regulatory chromatin-binding proteins to DNA.
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Oocyte and preimplantation embryo development entail dynamic changes in chromatin structure and gene expression, which are regulated by a number of maternal and zygotic epigenetic factors. Histone deacetylases (HDACs), which tighten chromatin structure, repress transcription and gene expression by removing acetyl groups from histone or non-histone proteins. HDAC1 and HDAC2 are two highly homologous Class I HDACs and display compensatory or specific roles in different cell types or in response to different stimuli and signaling pathways. We summarize here the current knowledge about the functions of HDAC1 and HDAC2 in regulating histone modifications, transcription, DNA methylation, chromosome segregation, and cell cycle during oocyte and preimplantation embryo development. What emerges from these studies is that although HDAC1 and HDAC2 are highly homologous, HDAC2 is more critical than HDAC1 for oocyte development and reciprocally, HDAC1 is more critical than HDAC2 for preimplantation development. • HDAC1 and HDAC2 regulate oocyte development through transcription in a dosage-dependent manner.
• HDAC2 is the major HDAC in mouse oocytes and regulates global DNA methylation and imprinting marks by interacting with DNMT3A2.
• HDAC2 regulates chromosome segregation and kinetochore function via H4K16 deacetylation during oocyte maturation.
• HDAC1 is the responsible HDAC involved in cell cycle regulation and zygotic genomic activation during preimplantation development.
Open Questions
• How do HDAC1 and HDAC2 regulate cross-talk between histone acetylation and other epigenetic modifications during oocyte and preimplantation embryo development? • What is the catalog of chromatin remodeling complexes that contain HDAC1 and/or HDAC2 in oocytes and preimplantation embryos, and what is the relative contribution of these HDAC1/2-containing complexes in defining steady-state levels of acetylated histones? • What non-histone proteins are deacetylated by HDAC1 and/ or HDAC2 in oocytes and preimplantation embryos, and what are the functional consequences of their deacetylation?
In eukaryotes, DNA is organized into a highly ordered nucleoprotein assembly called chromatin, whose fundamental unit is the nucleosome. The nucleosome consists of 146 bp of DNA wrapped around a histone core comprised of two molecules each of histones H2A, H2B, H3 and H4. Histone H1 is bound to linker DNA between nucleosomes. 1, 2 Histones are subject to multiple post-translational modifications (PTMs), including acetylation, methylation, ubiquitylation, phosphorylation, and sumoylation. These PTMs determine open and closed chromatin conformations, which, in turn, regulate the differential access and recruitment of transcription factors and other regulatory chromatin-binding proteins to DNA. [3] [4] [5] Among these histone modifications, histone acetylation is the most well-studied modification, which occurs at the ε-amino groups of evolutionarily conserved lysine residues located at the N termini. Although all core histones are acetylated in vivo, modifications of histones H3 and H4 are more extensively characterized than those of H2A and H2B.
Histone Deacetylases
Lysine acetylation of histones is controlled by histone acetyl transferases (HATs) and histone deacetylases (HDACs). 7 The balance between the actions of these enzymes serves as a key regulatory mechanism for gene expression and governs numerous developmental processes and disease states. HATs catalyze the transfer of an acetyl group to lysine residues of histone tails, thereby neutralizing the positive charge of histones. The decrease in net positive histone charge decreases the affinity between histones and DNA, which relaxes chromatin structure to make it more accessible to transcription factors. Therefore, HATs are considered as transcription co-activators. In contrast, HDACs remove acetyl groups from histone tails and are therefore considered as transcriptional co-repressors. 8, 9 In addition to histones, HDACs can also deacetylate non-histone proteins, for example, transcription factors and a growing list of other proteins. 8, 10 As a result, HDACs are now also called KDACs, or lysine deacetylases.
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In mammals, 18 HDACs have been identified and are grouped into four classes based on their homology with yeast proteins. 12 Class I, which are homologous to the yeast protein RPD3 and ubiquitously expressed in human cell lines and tissues, include HDAC 1, 2, 3, and 8 that have a nuclear localization. 6, 13 Class II is homologous to yeast Hda1 and can be subdivided into two subclasses: IIa (HDAC 4, 7, and 9) and IIb (HDAC 6 and 10). Class II exhibits tissue-specific expression and can shuttle between the nucleus and cytoplasm, which suggests that this class of HDACs is involved in acetylation of non-histone proteins. 6 Class I and Class II HDACs are inhibited by trichostatin A (TSA). Class III HDACs, or sirtuins (SIRT1-7), are homologous with the yeast SIRT2 family of proteins and require NAD+ as a cofactor. 14 The subcellular distribution and pattern of tissue-specific expression of this class are unknown.
9,15,16 HDAC11, the only member of class IV, is homologous to both class I and class II HDACs. 17 The multiplicity of histone deacetylases reflects diversification of functions in different tissues and biological processes. 18 
Structure and Complexes of Mammalian HDAC1 and HDAC2
Two highly homologous Class I enzymes, HDAC1 and HDAC2, are expressed ubiquitously, localized predominantly to the nucleus, and display high enzymatic activity toward histone substrates. 8, 19 The genes for HDAC1 and HDAC2 originated by gene duplication 8, 20 and the two proteins exhibit 86% amino-acid sequence identity in mice and human, suggesting a high functional redundancy between HDAC1 and HDAC2. 21 Both HDAC1 and HDAC2 contain several domains with defined function (Figure 1 ). Some domains are common to both, whereas other domains are specific for each HDAC. 8 The histone deacetylase domain common to all class I HDACs is formed by a stretch of more than 300 amino acids that constitute a large portion of the protein. 6 An N-terminal HDAC association domain (HAD; residues 1 to~50) is essential for homo-and hetero-dimerization. 21 The C-terminal portion contains an IAC(E/D)E motif (IACEE in HDAC1 and IACDE in HDAC2) involved in the interaction with the pocket proteins PRb, P107, and P130.
8 HDAC1 has a 2-residue Chfr interaction domain that is essential for the interaction with Chfr, an ubiquitin ligase regulating protein degradation, 22 and a nuclear localization signal at the C terminus. 21 A coiled-coil domain is only found at the C terminus of HDAC2. 8 In addition, HDAC1 and HDAC2 are not only protein-modifiers but also undergo numerous post-translational modification. These modifications can be either chemical moieties (acetylation, phosphorylation, methylation, nitrosylation, ADP-ribosylation, glycosylation, and carbonylation) or proteins (ubiquitin, SUMO, NEDD8, FAT10, ISG15, and ATG8/ATG12). 18 Many Figure 1 A schematic diagram of mammalian HDAC1 and HDAC2 structures with functional domains and post-translational modifications. HDAC1 and HDAC2 share a highly conserved N-terminal HDAC association domain (HAD) that is essential for homo-and hetero-dimerization. The C-terminal part contains an IAC(E/D)E motif (IACEE in HDAC1 and IACDE in HDAC2) involved in the interaction with the pocket proteins. HDAC1 has a 2-residue Chfr interaction domain and a nuclear localization signal (NLS) at the C terminus. HDAC2 contains a coiled-coil domain at the C terminus. HDAC1 and HDAC2 are regulated by different post-translational modifications, such as phosphorylation, acetylation, nitrosylation, carbonylation, and sumoylation. K, lysine; C, cysteine; S, Serine; Y, tyrosine. Numbers indicate the corresponding amino-acidic (aa) position HDAC1 and HDAC2 in oocytes and preimplantation embryos P Ma and RM Schultz of the sites modified in either HDAC1 or HDAC2 are conserved between both proteins ( Figure 1 ). HDAC1 and HDAC2 lack a DNA-binding domain, as do all deacetylases, and execute their function by interacting with transcription factors as either homo-or heterodimers, or being part of multi-component repressor complexes. 8, 9 The best characterized HDAC1/2-containing complexes in mammals are the SIN3 co-repressor complex, 23 nucleosome remodeling and deacetylase (NuRD) complex, 24 CoREST complex, 25 Nanog and Oct4 (POU5F1)-associated deacetylase complex that is specifically found in embryonic stem (ES) cells, 26 and PRC2 complex. 27 The ubiquitous expression, high deacetylase activity toward common substrates and high homology between HDAC1 and HDAC2 suggest that each could compensate for loss of function of the other. Indeed, loss-of-function studies in mice provide important insights regarding the compensatory functions of HDAC1 and HDAC2 in regulating cell proliferation, apoptosis, and differentiation in different cell types and tissues. 8, 28 Tissue-specific conditional knockout of Hdac1 or Hdac2 alone does not evoke an obvious phenotype in cardiomyocytes, 29 neuron precursors, 30 oligodendrocyte, 31 B cells, 32 embryonic epidermis, 33 and T cells, 34 whereas deletion of both genes results in severe phenotypes in all tissues examined. In contrast, results of other studies support the notion that HDAC1 and HDAC2 have distinct functions. For example, germ-line deletion of HDAC1 causes mouse embryo lethality before embryonic day 10.5, even though HDAC2 is upregulated, 35 and HDAC2 specifically regulates synaptic plasticity and memory formation, a function that is not compensated by overexpressing HDAC1. 36 A unique role of HDAC1 is also observed in embryonic stem cells. 37 In addition, HDAC2 has a unique role by controlling the fate of neural progenitors during normal brain development. 38 Taken together, these results indicate that the functions of HDAC1 and HDAC2 are diverse in different tissues or cell types. The reader is referred to several excellent reviews discussing the physiological role of HDAC1 and HDAC2. 8, 9, 16, 28, 39 Here we summarize and discuss the results of experiments using conditional mutant mice in combination with RNA interference (RNAi) to dissect the roles of HDAC1 and HDAC2 in oocytes and preimplantation embryos.
Expression of HDAC1 and HDAC2 During Mouse Oocyte and Preimplantation Development
Oocyte and preimplantation embryo development, which are critical processes for reproduction and have important implications for both maternal and fetal health, comprise a series of developmental stages that occur over the course of some 4 weeks in mice, that is, oocyte growth during folliculogenesis, oocyte maturation, fertilization, embryo cleavage, and morula and blastocyst formation. 40, 41 Detailed temporal and spatial patterns of HDAC1 and HDAC2 expression have been established by immunocytochemical analysis. 35, 42, 43 HDAC1 and HDAC2 are concentrated in the nucleus throughout oocyte growth. 43 The intensity of HDAC1 nuclear staining displays a progressive decrease during the course of oocyte growth and following resumption of meiosis (i.e., germinal vesicle breakdown (GVBD)) HDAC1 colocalizes with chromosomes. In contrast, nuclear HDAC2 staining increases between days 5 and 12 post-partum and then remains relatively constant for the duration of the growth phase. After GVBD, HDAC2 is uniformly dispersed throughout the cytoplasm. 42, 43 Following fertilization, HDAC2 again appears in the pronucleus/nucleus, and the intensity of HDAC2 nuclear staining progressively decreases during preimplatation development. 42 HDAC1 staining, on the other hand, is largely confined to the cytoplasm in fertilized eggs and early 2-cell embryos with enrichment in the nucleus becoming visible in the late 2-cell embryo, concomitant with zygotic genome activation ( Figure 2) . Thereafter, the intensity of HDAC1 nuclear staining increases until the morula stage but the morula-blastocyst transition is accompanied by a decrease in staining intensity. 42 The different expression profiles of HDAC1 and HDAC2 during oocyte and preimplantation development suggest distinct functions of the two proteins in oocyte and preimplantation development. Figure 2 Expression of HDAC1 and HDAC2 in full-grown oocytes, 1-and 2-cell embryos. HDAC2 is concentrated in the nucleus in oocytes, 1-cell and 2-cell embryos. HDAC1 appears in the nucleus in full-grown oocytes but then is essentially located in the cytoplasm in fertilized eggs and early 2-cell embryos. HDAC1 nuclear staining becomes clearly enriched at late 2-cell embryo stage. All samples for a given HDAC were processed for immunocytochemistry together, and all images were taken at the same laser power, thereby enabling direct comparison of signal intensities. GV, fully grown oocyte; 1C, one-cell embryo; E2C, early two-cell embryo; L2C, late two-cell embryo. Scale Bar, 25 μm
HDAC1 and HDAC2 Regulate Oocyte Development Through Transcription
Because global germ-line ablation of HDAC1 and HDAC2 cause early lethality, conditional Cre recombinase-mediated deletions were required to reveal the functions of these deacetylases in specific tissues. Deletion of either Hdac1 or Hdac2 in a variety of tissues/cell types, including the heart, brain, endothelial cells, smooth muscle, and neural crest cells, ES cells, fibroblasts, B cells, thymocytes, keratinocytes, and various cell lines causes no or only mild effects. 9, 16, 28 Likewise, deletion of either Hdac1 or Hdac2 does not evoke an obvious effect on oocyte development to the full-grown oocyte stage. 43 Deletion of both Hdac1 and Hdac2, however, results in infertility due to oocyte development arresting at the secondary follicle stage, which is accompanied by mis-regulation of histone modifications, a significant reduction of global transcription, and an increased incidence of apoptosis. These results suggest an apparent compensatory function of HDAC1 and HDAC2 in oocytes. 43 Nevertheless, deletion of three of the four Hdac1/Hdac2 alleles shows that HDAC1 and HDAC2 function unequally during oocyte development. Haploinsufficency of Hdac1 in the absence of HDAC2 (Hdac1
) reveals a more important function of HDAC2 in oocytes, the mice are infertile, 43 whereas in the opposite allelic combination, a single Hdac2 allele in the absence of HDAC1 does not produce any apparent phenotypes. These results suggest that HDAC2 function is more critical for oocyte development than HDAC1. A similar situation is also observed recently in the developing nervous system, where a single allele of Hdac2, but not Hdac1, is sufficient for normal mouse brain development in the absence of its paralog. 38 Deletion of both Hdac1 and Hdac2 leads to DNA damage that ultimately results in apoptosis in a variety of cell types and tissues including B cells, 32 T cells, 34 thymocyte, 44 and brain. 38 A significant increased incidence of apoptosis accompanied by pronounced DNA damage is also observed in growing oocytes following loss of both Hdac1 and Hdac2 and likely attributed to hyperacetylation of TRP53. 43, 45 Interestingly, no apparent apoptosis is detected in Hdac1
−/− oocytes although oocyte development is mainly blocked at the secondary follicle stage, suggesting that increased apoptosis is not the major cause for the oocyte developmental defects following loss of Hdac1 and Hdac2. 46 Histone acetylation is typically linked with transcriptional activation, whereas histone deacetylation is associated with gene repression. 47 Thus, HDACs have long been regarded as transcriptional repressors. Recent studies, however, challenge this conventional notion and show that HDACs can also function in transcriptional activation. 48, 49 A positive correlation between HDAC1/HDAC2 binding and transcription was discovered by a genome-wide ChIP-seq analysis in human CD4 + cells. 49 Indeed, a combined loss of HDAC1 and HDAC2 in oocytes results in a significant reduction of transcription that is accompanied by global histone hyperacetylation and decreased histone H3K4 methylation, a transcription active mark. 43 Thus, HDAC1/2 may act as transcription activators in female germ cells. Consistent with such a role, microarray analysis revealed that the top four categories of downregulated transcripts in Hdac1:2 −/− oocytes are related to transcription or positive regulation of transcription. 43 Oocyte development is characterized by progressive changes in gene expression with dramatic changes occurring during the primordial-to-primary follicle transition and then again during the secondary follicle-to-antral follicle transition; 50 deleting transcription factors always leads to impaired oocyte development during these two transitions. 51, 52 A similar phenotype with failure to undergo the secondary follicle-to-antral follicle transition during folliculogenesis is observed in females that lack Taf4b (a germ cell-specific subunit of TFIID), 53 Yy1, 54 or Tbp2 (TATA-binding protein 2). 55 In particular, female mice deficient in the oocyte-specific TBP2 display phenotypes very similar to that observed for Hdac1:2 −/− mice, including infertility, small ovaries, arrest of follicle growth before antrum formation, a decrease in Pol II CTD S2 phosphorylation and histone H3K4 methylation. 55 The similarity in phenotypes suggests that Hdac1 and Hdac2 double mutants and these transcriptional factor mutants share a common mechanism that is linked to a decrease in transcription. Indeed, a detailed analysis using mice lacking different combinations of Hdac1 and Hdac2 suggests a threshold level of transcription is required for oocyte development ( Figure 3) . 45 In Hdac1:2 −/− oocytes, transcription is reduced~40%, which results in a complete block of oocyte development at the secondary follicle stage with no antral follicles observed. An~20% reduction in transcription in oocytes allows a small fraction of growing oocytes develop to the antral follicle stage in Hdac1 − /+ /Hdac2
oocytes. Deletion of only Hdac2 shows little effect on transcription in oocytes and normal oocyte development to the full-grown stage is observed (Figure 3 ). These results strongly suggest that HDAC1/2 regulate oocyte development through transcription in a dosage-dependent manner and that there is a threshold of transcription activity required for normal oocyte development. Should transcription be reduced below this threshold, oocyte development will be impaired and apoptosis ensues. From this perspective transcription regulates oocyte development in a manner similar to that of cell cycle checkpoints.
HDAC2 Regulates Global DNA Methylation and Genomic Imprinting Marks in Oocytes Through Targeting DNMT3A2
Deleting both Hdac1 and Hdac2 in oocytes not only results in histone H3K4 demethylation, 43 but also leads to a global decrease of DNA methylation, 45 that is, HDACs can regulate maternal-specific de novo DNA methylation. Maternal-specific de novo DNA methylation occurs in postnatal growing oocytes, [56] [57] [58] and methylation acquisition is related to oocyte size. 57, 58 DNA methyltransferases A (DNMT3A) and its cofactor DNA methyltransferases L (DNMT3L) are required to establish DNA methylation in growing oocytes. 59 Maternalspecific de novo DNA methylation likely contributes to gene regulation in the oocyte and marks specific genes for activity in the embryo, as in the case of imprinted genes. 60 Indeed, Hdac1/2 mutant oocytes fail to establish normal imprinting DNA methylation marks. 45 Surprisingly, a significant decrease of nuclear-associated DNMT3A2, the predominant isoform of DNMT3A in oocytes, is observed in Hdac1:2 −/− oocytes, and could in principle HDAC1 and HDAC2 in oocytes and preimplantation embryos P Ma and RM Schultz be responsible for the decreased global DNA methylation and failure to establish DNA methylation of imprinted genes. 45 A moderate decrease in DNMT3A2 nuclear staining is also observed in Hdac2 −/− oocytes, demonstrating that loss of HDAC2 is not compensated by upregulation of HDAC1 that occurs in Hdac2 −/− oocytes. These results also implicate HDAC2 as the major HDAC in regulating DNA methylation during oogenesis. HDAC1/2 likely affects DNA methylation in oocytes through DNMT3A2 independent of its enzymatic deacetylase function because inhibiting HDAC activity with TSA has no effect on localization of DNMT3A2. 45 DNMT3A2 can interact with HDAC2 as detected by co-immunoprecipitation, which suggests that HDAC2 and DNMT3A2 exist in a complex in oocytes that is essential for DNMT3A2 to target germline differentially methylated regions (gDMRs) and methylate DNA. In agreement with this proposal, disruption of the SIN3A HDAC1/2-containing complex by conditional deletion of Sin3A leads to a significant reduction in both nuclear HDAC2 and DNMT3A2, and hypomethylation of imprinted genes, a phenotype similar to that observed in Hdac1:2 −/− oocytes. 45 These results suggest that HDAC2 provides a structural role, rather than its enzymatic function, in regulating de novo DNA methylation by interacting with DNMT3A2 in growing oocytes. 45 In a similar vein, G9a, a histone methyltransferase (HMTase) primarily responsible for histone H3 dimethylation at K9 (H3K9me2), promotes DNA methylation in ES cells. 61 In these cells G9a mediates DNA methylation independent of its HMTases activity but depends on its interactions with DNMT3B; G9a directly recruits DNMT3B to the Pou5f1 promoter by forming a specific complex with DNMT3B. 62 It should be noted, however, that a recent study reveals that HDACs can also affect DNA methylation; inhibiting HDAC activity reversed DNA methylation by repressing DNMT1 expression in LNCaP cells.
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HDAC2 Regulates Chromosome Segregation and Kinetochore Function via H4K16 Deacetylation During Oocyte Maturation
The process of oocyte maturation traditionally has been described by changes in chromosome morphology during meiosis 64 and is accompanied by dynamic changes of chromatin structure and histone modifications. HDACs, as chromatin remodeling proteins, regulate mammalian oocyte maturation as assessed by using HDAC inhibitors. Histone deacetylation accompanies oocyte maturation and inhibiting HDAC activity with TSA results in global histone hyperacetylation and chromosome segregation defects. [65] [66] [67] [68] The responsible HDACs, however, have not been fully identified.
Conditional null alleles for HDACs have been used to investigate the functions of individual HDACs in oocyte maturation. 46 Conditional deletion of Hdac2 in oocytes results in hyperacetylation of H4K16 without affecting normal deacetylation of other lysine residues of histone H3 or H4, and defective chromosome condensation and segregation and compromised kinetochore function during oocyte maturation occur in a sub-population of oocytes. 46 Significant upregulation of HDAC1 in Hdac2 −/− oocytes could not compensate loss of Hdac2, suggesting that HDAC2 is the HDAC specifically responsible for deacetylation of H4K16 that is essential for normal chromosome condensation and segregation during oocyte maturation. 46 No changes of histone acetylation are observed in the Hdac1 mutant eggs, 46 demonstrating that HDAC1 is not required for histone deacetylation during oocyte maturation although HDAC1 is associated with chromosome during the process. 42, 43, 65 Deletion of Hdac2 leads to global histone hyperacetylation in growing oocytes and hyperacetyation of histone H4K16 in MII eggs, which is linked with disruption of a normal chromatin configuration. 46 Acetylation of H4K16 inhibits formation of the higher order 30 nm chromatin structure, and loss of H4K16 shows defects equivalent to the loss of the H4 tails. 69 The increased acetylation of H4K16 observed in Hdac2-deficient oocytes likely contributes to the failure of chromosomes to condense fully during oocyte maturation and compromised kinetochore function in mutant eggs, because reducing H4K16 acetylation by overexpressing HDAC2 in Hdac2 −/− oocytes restores normal chromosome condensation and segregation. 46 A recent report also provides further evidence that H4K16 deacetylation has an important role in maintaining normal chromatin structure in oocyte maturation; H4K16 hyperacetylation induced by knockdown of SIRT2, a member of Class III HDACs, leads to spindle defects, missegregation of chromosome and impaired kinetochore-microtubule interaction. 70 It is not surprising that SIRT2 is also involved in regulating deacetylation of H4K16 during oocyte maturation because class III HDACs (sirtuins) specifically deacetylate histone H4K16 in other systems. 71 SIRT2, however, is localized on the meiotic spindle, 70 so how SIRT2 leads to H4K16 deacetylation is not apparent.
Although HDAC2 is responsible for H4K16 deacetylation during oocyte maturation, nuclear HDAC2 in full-grown oocytes appears unable to deacetylate H4K16 because similar amounts of acetylated H4K16 are observed in fullgrown WT and Hdac1 − /+ /Hdac2 −/− oocytes. 46 These observations suggest that HDAC2 in full-grown oocytes is inactive or inaccessible to histone substrates and then becomes functional or has access to histone substrates during oocyte maturation. In agreement with this proposal, a previous study using porcine oocytes showed that global histone deacetylation induced by HDACs is correlated with mixing of nuclear contents and cytoplasmic factors following GVBD. 72, 73 Thus, HDAC2 activity during oocyte maturation may be regulated by cytoplasmic factors or factors only expressed/degraded after GVBD, which activate HDAC2 or form a complex with HDAC2 and mediate HDAC2's ability to bind chromatin; HDACs lack a DNA-binding domain and execute their function by being a component of repressor complexes. 74, 75 A recent study provided strong evidence to support this notion. Knockdown of retinoblastoma binding protein P46 (RBAP46, also called RBBP7), an integral subunit in HDAC1/2-containing complexes, results in similar phenotypes including H4K16 hyperacetylation and missegregation of chromosomes to that observed in Hdac2 mutant eggs. 76 Immunoblot analysis revealed that RBBP7 protein level increases significantly from GV to MII eggs; 76 this maturation-associated increase in RBBP7 protein is well correlated with activation of HDAC2. In addition, RBBP7 colocalizes with chromosomes during meiosis division, 76 suggesting that it may promote HDAC2 association with chromatin and thereby facilitate deacetylation of H4K16.
It should also be noted that deacetylation of other histone H3 and H4 lysine residues except H4K16 are observed in both Hdac2 and Sirt2 mutant eggs, suggesting that other HDACs are responsible for deacetylation of these lysine residues. Further experiments are necessary to identify the responsible HDACs.
HDAC1 is the Responsible HDAC Involved in Cell Cycle
Regulation and Zygotic Genomic Activation During Preimplantation Development
As described above, the difference in expression profiles for HDAC1 and HDAC2 suggest distinct functions during preimplantation development. Consistent with this proposal is that ablation of both maternal and zygotic Hdac1 by RNA interference (RNAi) leads to hyperacetylation of histone H4 and a developmental delay even though expression of HDAC2 and HDAC3 is significantly induced in Hdac1-suppresssed embryos. RNAi-mediated reduction of HDAC2 has no noticeable effect on histone acetylation and preimplantation development, suggesting that HDAC1 function is more important than HDAC2 for preimplantation development. 42 Consistent with this notion is that germline deletion of Hdac1 results in an early embryonic lethal phenotype due to severe developmental problems, with loss of HDAC1 during embryogenesis not being compensated by HDAC2. 29, 35 In contrast, depletion of HDAC2 does not display a phenotype during early development. 29, 77, 78 These results demonstrate a unique function of HDAC1 in early embryos.
HDAC1-deficient embryos and embryonic stem cells are characterized by an overall reduced cellular proliferation rate in response to increased levels of the cyclin-dependent kinase (CDK) inhibitor P21 and P27. 29 Similarly, increased expression of P21 Cip1/Waf may contribute to the observed developmental delay from morula to blastocyst after depleting Hdac1 in preimplantation embryos, 42 suggesting a general function of HDAC1 in repressing the cyclin-dependent kinase inhibitor P21 and thus positively regulating cell cycle proliferation. 16 Indeed, the proliferation defect in embryonic stem cells is rescued by deleting P21. 79 Deleting both Hdac1 and Hdac2 in dividing cells results in a similar cell cycle block in G1 phase. 39 Fibroblasts lacking both HDAC1 and HDAC2 fail to proliferate in culture and exhibit a strong cell cycle block in the G1 phase that is associated with upregulation of the CDK inhibitors p21
Cip1/Waf1 and p57 Kip2 .
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Combined deletion of Hdac1 and Hdac2, or inactivation of their deacetylase activity in primary or oncogenic-transformed fibroblasts, results in a senescence-like G1 cell cycle arrest, accompanied by upregulation of the cyclin-dependent kinase inhibitor P21 and P53. 80 A similar situation is also observed in one-cell embryos; reduction in maternal Hdac1 combined with Hdac2 deficiency (Hdac1 − /+ /Hdac2 −/− ) in fertilized eggs results in developmental arrest from 1-cell to 2-cell transition due to a cell cycle block in G1. 46 However, the cell cycle block is not caused by upregulation of any CDK inhibitors, but rather due to failing to replicate DNA, 46 pointing to different mechanisms of HDAC1 and HDAC2 in cell cycle regulation in different cell types or tissues.
A fundamental event in early mouse development is transforming the highly differentiated oocyte into totipotent blastomeres by the 2-cell stage. This transition, which is called the maternal-to-zygotic transition, first entails degradation of maternal mRNAs and then activation of the embryonic genome. 40, 81, 82 Superimposed on genome activation, which results in a dramatic reprogramming of gene expression, is the development of a chromatin-mediated transcriptionally repressive state that is likely critical for generating the correct pattern of gene expression required for continued development. 40 HDACs likely underlie development of the transcriptionally repressive state because inducing histone hyperacetylation using HDAC inhibitors not only relieves the enhancer requirement for efficient expression of plasmid-borne reporter genes in 2-cell embryos, 83, 84 but also results in a further increase in global transcription. 85 Several lines of evidence support a role for HDAC1 in development of a transcriptionally repressive state that initiates in 2-cell embryos. 42 First, microarray data and qRT-PCR show that Hdac1 is zygotically expressed beginning from 2-cell stage, 42, 86, 87 accompanying genome activation. Second, HDAC1 protein enters into nucleus in late 2-cell embryos that is concomitant with zygotic genome activation at this stage ( Figure 2) . 42 Third, microarray data reveal that only HDAC1 is sensitive to α-amanitin among the HDACs expressed in 2-cell embryos and Ingenuity Pathway Analysis placed HDAC1 at the hub of numerous interactions in a gene network that could contribute to the development of the transcriptionally repressive state. 87 Finally, partial knockdown of HDAC1 results in histone H4 hyperacetylation and relieves the repression of a subset of genes at the late 2-cell embryos. 42 These results indicate that HDAC1 is a major contributor to the development of the transcriptionally repressive state.
Conclusions and Future Perspectives
In summary, HDAC1 and HDAC2 have an essential role during oogenesis and preimplantation embryogenesis (Figure 4 ). HDAC1 and HDAC2 exert their function in regulating dynamic changes in chromatin structure and gene expression that occur during oocyte and preimplantation development through two distinct epigenetic activities, their catalytic activity and a structural role. HDAC2 is the major HDAC for oocyte development by regulating histone acetylation, transcription, and DNA methylation. HDAC2 is also critical for oocyte maturation by fostering histone H4K16 deacetylation, which is required for normal chromosome segregation and kinetochore function. HDAC1 appears to have little role in these processes but is critical for preimplantation development by regulating histone acetylation, cell cycle progression and the development of a transcriptionally repressive state that initiates in 2-cell embryos (Figure 4) .
Despite this recent progress, much remains to be learned about how HDAC1/HDAC2 regulates chromatin structure and gene expression in oocytes and preimplantation embryos. Future genetic analyses of components in HDAC1/HDAC2-containing complexes will provide important information on the roles of HDAC1/HDAC2 in oocytes and preimplantation embryos. Given the limited amounts of readily obtainable biomaterial, new emerging technologies, such as highthroughput sequencing and microChIP techniques, will be of great value to define how HDAC1/HDAC2 regulate gene expression in oocytes and early embryos. Use of novel, more specific HDAC inhibitors will also be instrumental to identify target genes of HDAC1/HDAC2 in oocytes and early embryos. Collectively, a more detailed analysis of HDAC1/HDAC2 function will provide new insights into how epigeneticmediated dynamic changes in chromatin structure and gene expression result in formation of a developmentally competent oocyte that in turn supports appropriate genome activation, cell fate and lineage commitment during preimplantation development. This knowledge can be also used to develop methods of cellular reprogramming for the production of cloned animals for agricultural and biomedical uses, and to create autologous cells for transplantation therapies in animals and humans. Furthermore, such an understanding may help elucidate how mis-regulation of epigenetic factors contributes to infertility, miscarriages, birth defects, ovarian cancer, and other reproductive and developmental disorders. Figure 4 Model for the role of HDAC1 and HDAC2 during oocyte and preimplantation embryo development. HDAC1 and HDAC2 are essential for oocyte and preimplantation embryo development. HDAC2 is the major HDAC during oogenesis and regulates histone acetylation, transcription, DNA methylation through forming a complex with DNMT3A2 and is essential for oocyte development. HDAC2 is responsible for histone H4K16 deacetylation during oocyte maturation, which is essential for normal chromosome segregation and kinetochore function. In contrast, HDAC1 is critical for preimplantation embryogenesis and regulates histone acetylation, cell cycle progression, development of a transcriptionally repressive state that initiates in 2-cell embryos. AF, antral follicle; GV, full-grown oocyte; ICM, inner cell mass; MII, metaphase II egg; PF, primary follicle; PmF, primordial follicle; SF secondary follicle; 1C, one-cell embryo; 2C, two-cell embryo; 4C, four-cell embryo; 8C, eight-cell embryo; TE, trophoectoderm; ZGA, Zygotic genome activation. Bold arrows indicate major contribution HDAC1 and HDAC2 in oocytes and preimplantation embryos P Ma and RM Schultz providing mice containing floxed alleles of Hdac1 and Hdac2. The work referenced from the authors' laboratory was supported by a grant from NIH (HD022681) to RMS.
